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Abstract  A bioeconomic model of the North Atlantic swordfish (Xiphias
gladius) fishery is developed to evaluate policy-relevant management options as
changes from the status quo. The model accounts for heterogeneity in vessel and
trip characteristics, including the number of sets placed and catch composition.
Results indicate that five-year economic returns to the U.S. Atlantic pelagic
longline (PLL) fleet can be increased by reducing juvenile swordfish mortality
or fleet size (and possibly changing fleet composition). These policies may not
be effective, however, if implemented simultaneously. Domestic management of
the swordfish fishery was found to be effective, despite the small share of the in-
ternational quota. Lastly, producer surpluses earned by the domestic PLL vessel
owners are significantly affected by: (1) changes in swordfish demand (due to,
for example, the recent chef’s boycott), (2) success at negotiating the swordfish
quota share, (3) catch rates, and (4) relative costs of heterogeneous vessels and
trip behavior.
Key words  Bioeconomic model, fisheries management, fleet reduction, pelagic
longline.
Introduction
The United States landed approximately five million pounds of swordfish with an
ex-vessel value of $16 million and a wholesale market value of $35 million in 1996
(NMFS 1997b). Pelagic longline (PLL) vessels accounted for the majority of domes-
tic landings in the Atlantic, including 98% of the swordfish and a significant portion
of bigeye and yellowfin tuna (NMFS 1997a). While continuing to remain a signifi-
cant commercial fishery in the eastern U.S., the North Atlantic swordfish fishery
(Xiphias gladius) is plagued with the following management problems: (1) low
stock level, (2) high incidence of juvenile bycatch, and (3) fleet overcapitalization
(NMFS 1997c).1
According to the International Commission for the Conservation of Atlantic Tu-
nas (ICCAT), the inter-governmental organization responsible for the conservation
of tunas and tuna-like species in the Atlantic Ocean and its adjacent seas, between
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1 “North” reflects the location of the stock relative to the equator, not the continental U.S., and distin-
guishes it from the smaller (in terms of the U.S. quota) “South Atlantic” stock.  The stocks are separated
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89% and 99% of total annual swordfish landings since 1978 were caught using PLL
gear. Since 1995, Spain has accounted for the majority of landings (41%), followed
by the U.S. (29%), Canada (10%), Portugal (7.5%), and Japan (6%). Over 25 addi-
tional ICCAT member countries account for the remaining 6%. These shares repre-
sent country quotas established by ICCAT that are in effect through 2000. In 1994,
ICCAT estimated that the North Atlantic swordfish biomass may have to increase
72% to reach the biomass needed to produce the maximum sustainable yield (ICCAT
1994). To prevent further depletion of the stock, ICCAT established declining annual
harvest quotas. The total quota was set at 17,000 metric tons (mt) whole weight in
1996 and was lowered to 11,300 mt and 11,000 mt in 1997 and 1998, respectively;
the 1999 total quota is 10,700 mt (Federal Register 1997). In spite of this effort,
stock levels remain low (NMFS 1999).
Regulators in the U.S. have attempted to rebuild swordfish stocks by prohibiting
the landing of swordfish weighing less than 33 pounds dressed weight or (equiva-
lently) 119 cm lower jaw fork length (LJFL) (NMFS 1999). The merits of this policy
remain unclear. First, swordfish only reach 140 cm LJFL by age 3 and are not con-
sidered mature (overall) until age 5. Due to dimorphic growth, however, all females
are not considered mature until age 9 (195–200 cm LJFL). Consequently, the policy
allows for the landing of sexually immature fish. Secondly, while the policy requires
the release of smaller (approximately 1- and 2-year old) swordfish, it does not pro-
hibit their capture. It is estimated that release mortality of undersized discards ap-
proaches 80% (Cramer 1996).2
While the total U.S. commercial swordfish landings in the Atlantic are restricted
and entry requires a permit, conditions in the fishery remained nearly open access
until 1999. As of July 1, 1999, however, all commercial fishermen must have a “lim-
ited access” swordfish permit. Landings and permit histories are used to qualify for
the limited access swordfish permit (NMFS 1999). Qualified recipients of the
swordfish limited access permit also receive (at least) an incidental shark permit and
an Atlantic tuna longline permit. This is because the new fishery management plan
(FMP)—dubbed the highly migratory species (HMS) FMP—integrates management
of Atlantic swordfish, shark, and tuna. All three permits are transferable and re-
quired for directed swordfish trips, since they regularly encounter shark and tuna.
Since the new permits were issued based on past participation, this policy eliminates
latent effort but does not reduce the active fleet size. According to the National
Fisheries Institute, approximately 60 vessels should be retired under a government
and industry-funded buyback program (LeBlanc 1999).
This paper describes a bioeconomic model developed to evaluate proposed do-
mestic and international changes to the management of the North Atlantic swordfish
fishery. Of particular interest is the economic effect of changes on the U.S. PLL
fleet, an assessment the National Marine Fisheries Service (NMFS) must conduct
under the Regulatory Impact Review (RIR) (NMFS 1999). Recent studies of the
fishery and the fleet have focused on the catch-effort relationship (Cramer 1996;
Cramer and Scott 1998) and the retail-level effects (consumer surplus) of altering
relative prices and supplies of swordfish and tuna (Roderick, Adams, and Taylor
1995). This study measures changes in producer surpluses and further differs from
the earlier work on the fishery by: (1) using a dynamic age-structured biological
model, (2) incorporating the multispecies nature of the gear, and (3) including ves-
sel-specific attributes of the fleet.
2 This policy has increased the rate at which undersize fish are discarded (Cramer 1996) without sub-
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Bioeconomic Model
Bioeconomic models provide an integrated approach to evaluating alternative man-
agement plans. Both biologic and economic activities are represented in the model
and linked with a series of equations and plausible constraints. The model can then
be used to predict the outcomes of proposed management alternatives or determine
the management strategy that would optimize the stated objective(s). In fisheries,
the stated objective is typically rent-maximization, and management seeks to deter-
mine the optimal level of effort (Önal et al. 1991; Clark 1985). Where detailed stock
data is available, dynamic age-structured bioeconomic models are the preferred ap-
proach to evaluate the impacts of policies designed to affect a subset of cohorts
(Larkin and Sylvia 1999; Thunberg, Helser, and Mayo 1998; Gilbert 1988). Aside
from the ability to more accurately analyze cohort-specific policies (such as mini-
mum size regulations), dynamic models also provide estimates of the “optimal path”
that are not provided by equilibrium models (i.e., models that estimate the long-run
maximum sustainable yield).
Equations defining the dynamics of the North Atlantic swordfish population are
presented first. The population dynamics are based on the traditional representation
developed by Ricker (1975), which is the method that is used by ICCAT for the offi-
cial swordfish stock assessments (ICCAT 1994). The economic component of the
model follows and includes equations that determine the total revenues and costs
from the harvest of all species. Landings of the other species—including tuna,
shark, and dolphinfish—are assumed proportional to swordfish landings, but (if ap-
plicable) are also constrained by total quotas. Parameters and variables are defined
in the lower and upper case, respectively. Selected variables that are, in some sce-
narios, treated as parameters are defined using lower case Greek characters. All indi-
ces, variables, and parameters are summarized in table 1.
Swordfish Population Dynamics
Stock of swordfish in year 1 by age class (a = 1, 2, … 5+ where latter is an accumu-
lator age):
Xy=1,a = xa (1)
Recruitment of age-1 swordfish in subsequent years, which is assumed deterministic:
Xy+1,a=1 = xy
r (2)
Inter-annual swordfish population dynamics for age 1 through age 4:
Xy+1,a+1 = Xy,a · exp[–Zy,a] (3)
Numbers of swordfish in terminal age class (age-5+):3
Xy+1,a=5 = Xy,a=4 · exp[-Zy,a=4] + Xy,a=5 · exp[–Zy,a=5] (4)
3 The terminal age class is calculated as an accumulator age class that accounts for cohorts older than
age 5. This is necessary since swordfish can live to approximately 15 years. This specification follows
that used by ICCAT, such that the corresponding parameters represent the mean over all ages in the ter-
minal age class (i.e., ages 5 to 15) (ICCAT 1994).Lee, Larkin, and Adams 80
Total instantaneous swordfish mortality rate (natural plus fishing):
Zy, a = m + Fy, a (5)
Annual constraint on the instantaneous swordfish fishing mortality rate:
Fy, a ≤  fa (6)
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Table 1
Definition of Symbols Used in the Model
Indices:
y Time in years y = 1, 2, … 5
a Swordfish age in years a = 1, 2, … 5+
i Species landed i = swordfish, BAYS tunas, coastal
      sharks, pelagic sharks, or other
j Vessel-length categories j = 32–45, 46–64, or 65–95 feet
k Number of sets per trip categories k = 1–3, 4–6, 7–9, or 10–28 sets
Parameters:
c Variable cost (supplies and miscellaneous) per trip
m Annual instantaneous swordfish natural mortality rate
p, w Fish price ($/lb dw) and average weight (dw lb/fish), respectively
r Annual U.S. discount rate
t Trips per vessel per year
sr, sq Shares of PLL owner returns and U.S. annual swordfish quota, respectively
f Maximum annual instantaneous swordfish fishing mortality rate
x, xr Initial swordfish stock size and annual recruitment, respectively (numbers)
Variables:
X Stock of swordfish (number of fish) by age
F, Z Annual instantaneous swordfish fishing and total mortality, respectively
L, H Annual U.S. swordfish landings in number and weight, respectively
TACUS, TAC Annual U.S. landings quotas in weight
N, NPV Annual net returns to U.S. PLL owners and present value of N, respectively
TR, TC Annual U.S. total revenue and cost, respectively
Parameters or Variables (depending on the scenario):
γ Number of swordfish landed per trip
φ Number of non-swordfish landed per trip relative to swordfish
λ Share of trips placing k sets for each vessel-length class j
ν Fleet size (number of PLL vessels) by vessel-length classBioeconomic Analysis of Alternative Swordfish Policies 81
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Economic Returns
Constraint on annual domestic landings (in numbers) that prohibits landing young
swordfish:
Ly,i,a = 0  for  i = swordfish, a = 1 and 2 (9)
Constraint to determine optimal annual domestic swordfish landings per trip (γ ) and
fleet size (ν ) given the number of trips per vessel (t) and sets per trip (λ ), where
components are distinguished by vessel length (j) and number of sets per trip (k):4
Lt y i swordfish a y j k j k jj
k j a
,, , , , = =⋅ ⋅ ⋅ ∑ ∑ ∑ γλ ν   for  a = 3, 4, 5+ (10)
Annual domestic landings (in numbers) for non-swordfish species given the ob-
served domestic landings rate relative to swordfish (φ ):
Lt yia ijk yjk jk jj
k j
,, ,, ,, , =⋅ ⋅ ⋅ ⋅ ∑ ∑ φγ λ ν (11)
Annual harvest of species i by age-class (a) given observed average weights (w):
Hy,i,a = wi,a · Ly,i,a (12)
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Total annual revenue from all i species given observed average prices (p):
TR p H yi a y i a
a i
=⋅ ∑ ∑ ,, , (14)
Total annual cost (fixed plus variable):
TCy = TFCy + TVCy (15)
Total annual fixed cost function:
TFCy = f(y, tj, ν j) (16)
4 Sets per trip (λ ) is a share variable that specifies the percentage of trips placing k sets; λ  sums to one
across each vessel size class j. For simplicity, this detail is not included in the text.Lee, Larkin, and Adams 82
Total annual variable costs assuming the cost per trip (c) varies by vessel- and trip-
length:
TVC c t y jk jk jj
k j
=⋅ ⋅ ⋅ ∑ ∑ ,, λν (17)
Net return in year y assuming vessel owners receive sr share (%) of net revenues:
Ny = sr · (TRy – TCy) (18)
Net present value of returns to U.S. PLL vessel owners in the Atlantic when annual
















Fleet Characteristics. NMFS logbook data were used to calculate average catch
rates (landings per trip), fleet size, the number of trips taken by vessel length, and
the number of sets for the Atlantic PLL fleet. In 1996, 272 PLL vessels participated
in Atlantic HMS fisheries. These vessels averaged 57 feet in length, 18.1 swordfish
per trip, and 12.2 trips during the year (Larkin, Lee, and Adams 1998). Augmenting
the logbook data with information from the U.S. Coast Guard, the fleet was charac-
terized by vessel length and number of sets per trip (indices j and k, respectively).
Figure 1 shows the vessel size categories—short, medium, and long—and illustrates
their diversity in 1996. For example, “short” vessels (measuring from 32 to 45 feet
in length) took more trips than longer vessels.  In general, short vessels also placed
relatively fewer sets per trip (i.e., took shorter trips) than longer vessels.  The num-
ber of swordfish landed per trip ranged from 5 to 117, depending primarily on the
number of sets placed. The inclusion of cost and catch rate differences among PLL
vessels is akin to incorporating differences in technical efficiency as considered in
the recent study of Hawaiian longline vessels by Sharma and Leung (1998).
Fish Prices, Weights, and Catch Rates. Average swordfish price, by age, was con-
structed from average ex-vessel prices observed in the southeast during 1996
(Bennett 1999). Swordfish price averaged $3.94 per pound dressed weight (dw) in
1996. Average prices of all other species were compiled by the NMFS Fisheries Sta-
tistics and Economics Division from dealer-reported sales receipts (NMFS 1997c).
Average prices for each species group were calculated using a weighted average of
landings (by weight) in 1996 (Larkin, Lee, and Adams 1998).
For the stock size equations, swordfish weight is measured in kilograms and
was estimated from a Gompertz growth function (ICCAT 1994). To correspond with
the average observed landed weight in the U.S., average swordfish weight was ob-
tained from the NMFS observer program (Lee 1998). In 1996, Atlantic swordfish
landed on the East Coast averaged 78 lb. dw. The same observer program also pro-
vided weights for all other species, which were grouped to correspond with current
regulations as follows: BAYS (Bigeye, Albacore, Yellowfin, and Skipjack) tunas,
large coastal sharks (sandbar, blacktip, hammerhead, silky, etc.), pelagic sharks
(mako, porbeagle, thresher, etc.), and other (primarily dolphinfish, oilfish, wahoo,
and blackfin tuna). Average prices (p) and weights (w) are presented in table 2,Bioeconomic Analysis of Alternative Swordfish Policies 83
Figure 1.  Fleet (n=272) and Trip (n=3,255) Characteristics Observed in 1996
along with catch rates (γ  and φ ) by vessel length and number of sets per trip. These
catch rates represent the number of other fish landed relative to the number of
swordfish landed during each trip. Landings of other fish range from near zero to
over five times swordfish landings.
The large coastal sharks received the lowest price and recorded the lowest
weight, on average, in 1996. In contrast, BAYS tunas received the highest price (af-
ter swordfish) and recorded relatively high landings. Although the price and land-
ings of pelagic sharks are relatively low, these species are economically importantLee, Larkin, and Adams 84
due to their relative large individual size. The “other” species landed are smaller in
size, but total landings are larger and, therefore, economically important to the in-
dustry. Estimated 1996 PLL swordfish landings totaled 2,562 mt (dw) or 36% of to-
tal landings by weight. BAYS tunas, large coastal sharks, and pelagic sharks, ac-
counted for 39%, 9%, and 3% of landings, respectively (Larkin, Lee, and Adams
1998). The non-swordfish component of the industry accounted for 53% of revenues
in 1996. Since the domestic PLL fleet participates in multiple HMS fisheries—al-
though to varying degrees as evidenced by vessel- and trip-length differences—in-
cluding all revenue sources allows a more comprehensive comparison of manage-
ment implications. Conversely, including only swordfish would ignore 64% of land-
ings (53% of revenues) and potentially bias estimates of management implications
derived in RIR and/or Regulatory Flexibility Analysis (RFA), which concerns indi-
vidual industry members.
Fishing Costs. Fishing trip expenditures were collected in conjunction with the
NMFS pelagic fisheries logbook program for the first time in 1996. Expenditures in-
cluded the unit price and quantity purchased of fuel, ice, bait, and light sticks and
the total cost of freight and handling. The average variable cost of a fishing trip
ranged from approximately $800 to $18,700 depending on vessel length and number
of sets placed (cj,k) (Larkin, Lee, and Adams 1998). Annual fixed costs were not col-
Table 2
Price, Weight, and Catch Rates of Species Landed by Atlantic PLL Vessels in 1996
Species Group i
BAYS Coastal Pelagic Other
Parameter Units Swordfish Tunas Sharks  Sharks  Fish
pi $/lb dw 3.94 2.80 0.47 1.15 2.03
wi lb dw/fish 78.0 68.8 37.1 95.3 37.5
γ j,k, φ i,j,k number landeda
j = Small Vessels (32–45 feet):
k = 1–3 Sets 5.8 0.29 3.11 0.09 0.54
k = 4–6 Sets 20.1 0.41 0.40 0.03 1.04
k = 7–9 Sets 26.3 0.46 0.36 0.05 1.41
k = 10–28 Sets 117.8 0.35 0.05 0.07 0.21
j = Medium Vessels (46–64 feet):
k = 1–3 Sets 5.4 2.21 5.71 0.22 1.31
k = 4–6 Sets 16.1 1.35 0.38 0.23 1.04
k = 7–9 Sets 28.4 1.29 0.12 0.05 0.91
k = 10–28 Sets 67.0 0.98 0.04 0.03 0.35
j = Large Vessels (65–96 feet):
k = 1–3 Sets 4.8 3.54 2.40 0.72 2.95
k = 4–6 Sets 11.4 3.68 0.25 0.04 1.68
k = 7–9 Sets 17.7 3.29 0.17 0.06 1.33
k = 10–28 Sets 109.0 0.76 0.03 0.04 0.27
a The swordfish catch rate (γ ) represents the number of fish landed per trip. Catch rates for non-sword-
fish (φ ) are the number of fish landed per trip relative to swordfish.Bioeconomic Analysis of Alternative Swordfish Policies 85
lected and were not approximated due to the diversity of the fleet and lack of data.
Vessel owners were assumed to receive 60% of net returns (sr = 0.60), with the re-
mainder shared by the captain and crew. This is the typical share system when the
captain is hired (Lee 1999).5
Swordfish Stock Characteristics. The biological parameters were obtained from the
most recent official swordfish stock assessment (ICCAT 1994). The initial stock size
corresponds to the ICCAT estimate of the 1995 stock size (xa). Swordfish recruit-
ment is represented by the geometric mean of the stock estimates from 1983 through
1991 using the Virtual Population Analysis (VPA) base case scenario ( xy
r = 617,000
age-1 swordfish). The implicit assumption is that recruitment is independent of
stock size and constant; this assumption corresponds to the ICCAT specification and
use of that parameter. The natural mortality rate (m) was assumed to be 0.20 for all
ages, and total annual fishing mortality (for all countries) was capped (for each co-
hort) using the VPA-determined rates estimated from the stock recovery plan (fa
ranged from approximately 0.10 to 0.55).
Swordfish Quota Share. Annual quota for the swordfish fishery (TAC) as determined
by ICCAT is derived within the model endogenously using regulations in effect for
the 1997 through 1999 fishing years. The U.S. share of the TAC for the North Atlan-
tic swordfish fishery was 24% in 1996. Since 1997, the share has remained constant
at 29%. For simplicity, a share of 29% throughout the modeling horizon (sr = 0.29)
is assumed.
Model Execution and Applications
Equations (1) through (19) were simultaneously solved to maximize the objective
(equation 19) using the MINOS nonlinear solver in the General Algebraic Modeling
System (Brooke, Kendrick, and Meeraus 1988).6 The five-year period is assumed to
represent regulations in effect from 1995 through 1999; however, the model is most
comparable to regulations in effect from 1997–99. This results from the U.S. 29%
share being held constant throughout the modeling horizon, with the model not al-
lowing landings of undersized swordfish. Total swordfish landings were allowed to
include 15% undersized swordfish through 1996, but since 1997 landings of under-
sized swordfish have been prohibited. Results are reported in 1995 dollars using a
7% annual discount rate (r), which is the rate used by NMFS in the recent HMS
FMP (NMFS 1999). The NPV-maximized objective represents the return to PLL
owners to cover fixed costs and a share of the resource rent, which (assuming all
markets are competitive) represents the domestic value of the resource to society
(Clark 1985; Boadway and Bruce 1984). The resulting return to PLL owners, which
is frequently considered a measure of quasi-rents or producer surpluses, is not a true
measure of economic rent, since fixed costs and opportunity costs are not considered
(Larkin and Sylvia 1999; Sun 1998).
The model was developed to evaluate the effect of specific swordfish regula-
tions (domestic and international) on returns to the U.S. Atlantic PLL fleet over a
five-year period. Reliance on a short time series to parameterize the model precludes
5 According to Dennis Lee, head of the NMFS southeast observer program, the crew share equals 50% if
the owner captains the trip. Since the owner-captain also receives a share of the 50% crew share for his/
her work as the captain, and that share is unknown, we assumed all vessels were operated by hired cap-
tains to avoid including returns to labor in the NPV estimate.
6 This process requires the algorithm to select values of the variables that maximize NPV. Thus, chang-
ing any parameter or equation specification will likely change the optimal value of all variables.Lee, Larkin, and Adams 86
its use in forecasting further into the future. The five-year time horizon captures the
population dynamics of the period while providing reasonable justification for hold-
ing other values constant. The model is best suited for evaluating small changes in
policy based on the relative change in estimated economic gains or losses to the en-
tire industry. While every effort was made to attain the best available information
for this study, the absence of certain data (such as fixed costs) renders the absolute
dollar estimates of NPV less reliable.
To accurately depict the industry, the model incorporates fleet diversity (via
vessel size) and trip diversity (via number of sets by vessel size) into the calculation
of key parameters (e.g., catch rates and trip costs). The results focus strictly on
whole fleet effects, which are required to be estimated for the RIR analysis, rather
than individual vessel effects that are required for an RFA. A proxy to be used for an
RFA analysis can be obtained, however, by calculating the annual return per vessel
for vessels of size j that place k sets per trip.
Management Scenarios and Model Results
Five scenarios were developed to evaluate proposed regulatory changes and recent
concerns regarding the North Atlantic swordfish fishery. Discussion of the results
will focus on the following key variables: net present value of returns (NPV), num-
ber of vessels in the fleet (ν j), swordfish stock size (Xy=5), swordfish landings per
trip (γ j,k) or the catch rate, and the annual swordfish quota (TACy). Nominal and rela-
tive results are summarized in tables 3 and 4, respectively.
Scenario (1): Status Quo
The Status Quo scenario develops a baseline from which to gauge the effect of alter-
native policies. Fleet size and composition (ν j), trip frequency (tj), set frequency
(λ j,k) (figure 1), and the proportionate catch of non-swordfish species (φ i,j,k) (table 2)
were set to 1996 levels.7 All parameters were assumed constant during the 1995–99
management period, and the annual U.S. quota share (sq) remained at 29% to corre-
spond with binding ICCAT allocations.
Results show that with observed fleet characteristics in 1996, discounted net re-
turns for the U.S. PLL fleet participating in Atlantic HMS fisheries would total
$46.8 million over a five-year period. This net value is equivalent to average net
revenue of $34,389 per vessel per year before fixed costs are deducted. Swordfish
landings would average 2,356 mt dw—17.2 swordfish per trip—and comprise 55%
of the total value and 41% of the total landed weight. Landings of BAYS tunas,
coastal sharks, and pelagic sharks would total 2,011 mt dw, 484 mt dw, and 181 mt
dw, respectively. The relative landings of the different species groups are held to the
mix observed in 1996.8 In addition, the shark landings from this scenario were used
7 An accounting variable was added to the right-hand-side of equation (10) to balance the U.S. annual
swordfish quota with observed landings in 1996. The variable adjusts the annual average catch rate,
which is biased upwards due to a skewed distribution (Larkin, Lee, and Adams 1998).
8 The use of parameter φ  in equation (11) ensures that landings are proportionate, but inequality con-
straints in subsequent scenarios allow the proportions to change if the shark quotas are met. Specifically,
when domestic quotas are placed on the shark fishery via equation (13) and the TACUS variable, landings
(L) cannot exceed those derived from the first scenario. In addition, the swordfish landings per trip (γ )
and proportionate landings of other species (φ ) are allowed to vary, but the swordfish landings remain
constrained by the biological dynamics of the fishery (e.g., fishing mortality restrictions, fa). These
modifications allow for increased targeting of alternative species as, for example, swordfish regulations
tighten. However, the underlying (status quo) assumption is that PLL gear is non-selective.Bioeconomic Analysis of Alternative Swordfish Policies 87
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Management Scenarios and Results Pertaining to the U.S. 
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as the total annual quotas in subsequent scenarios. This was necessary to prohibit
excessive landings of the valuable large coastal and pelagic shark species that are
currently subject to annual quotas.
The annual average swordfish landings of 2,356 mt dw predicted by the model
are 2% below observed average quotas (ICCAT 1994). The deviation was expected,
given the use of simplifying assumptions and rounding. By 1999, the final year, the
swordfish stock would grow 5% to 1,663,000 fish, and the proportion of older co-
horts would rise. These findings indicate that current ICCAT management, which in-
cludes an upper bound on fishing mortality, will lead to a rebuilding of the sword-
fish stock. This growth may not be sufficient to restore the stock to ‘desirable’ (e.g.,
maximum sustainable yield) levels; therefore, significant quota reductions have
been suggested (NMFS 1999; ICCAT 1994). One such proposal is examined in the
next scenario.
Scenario (2): Lower Total Swordfish Quota
Under the status quo scenario, average annual swordfish quotas (total landings of le-
gal-sized swordfish) total 8,124 mt dw, and the swordfish stock will grow 5% in five
years. To allow for faster stock recovery, ICCAT reported that a quota level of 6,000
mt dw per year would allow the swordfish stock to fully recover in 13 years (ICCAT
1994).9 To simulate this policy option, TACy in equation (8) was constrained at 6,000
mt dw.
Restricting the total annual swordfish quota to 6,000 mt dw (approximately 25%
below the status quo) would allow the swordfish stock size to rise 39% after only 5
years. Under ceteris paribus conditions, the U.S. industry would suffer a 52% loss
in net revenues in the short run, as swordfish catch rates would decline 20%, on av-
erage. Annual returns would fall to $16,607 per vessel. In practice, however, we
would not expect to observe ceteris paribus conditions. It is more likely that vessels
unable to cover fixed costs or achieve a sufficient return on their capital investment
would exit the fleet and reduce total fishing activity, or transfer efforts to fisheries
not constrained by quotas (or other entry restrictions). Therefore, while actual losses
to the U.S. industry may be less severe than estimated, economic gains from the in-
creased stock size are unlikely to be realized in the short run.10 An alternative means
to facilitate stock recovery involves focusing on cohort-specific policies. The fol-
lowing scenario examines the effect of targeted mortality reductions of undersized
(immature) swordfish.
Scenario (3): Reduce the Domestic Mortality of Undersized Swordfish
Following Cramer and Scott (1998), a 50% reduction in the mortality of discarded
undersized swordfish in the U.S. was simulated. This was accomplished by specify-
ing a new (lower) maximum fishing mortality rate (f) for age 1 and 2 swordfish.
Since reducing the fishing mortality rate in the U.S. only affects stock to the extent
that the U.S. harvest affects the total stock level, the reduction is scaled by the U.S.
9 The ICCAT source document indicates that this recovery is based on the continued use of constant re-
cruitment. If, however, recruitment is highly variable, actual recovery could differ considerably.
10 ICCAT modeling assumptions regarding recruitment cannot fully capture the gains from significant
quota reductions in the early years, since the stock-recruit relationship is unknown. It is likely that by
year 5, following the 39% stock increase, average recruitment would rise.Lee, Larkin, and Adams 90
quota share such that the new upper bound is 85.5% of f for ages 1 and 2. The ap-
propriate technology for achieving these ends and the cost of the technology were
not available; thus, the analysis only assesses the magnitude of the potential net
benefits, not actual net benefits. In this regard, the technology is not assumed to be
costless, but, rather, results infer that if the cost of implementing the technology is
less than the assessed benefits, then adoption of the new technology may be war-
ranted.
A 50% reduction in the domestic discard mortality of undersize swordfish in the
U.S. would allow the North Atlantic swordfish stock to rise 3% and cause the total
quota to increase proportionately over the five-year period. As a result, U.S. net re-
turns would rise approximately 6%. The gains from reduced fishing mortality, al-
though modest, are notable for a number of reasons. First, the reduction increased
returns and catch rates, despite a lower mortality rate, since forgoing harvest allows
more swordfish to grow to legal size, and when harvested, the fish are heavier and
can be sold for a higher unit price (NMFS 1997a). Second, the potential economic
benefits are likely to rise in time as more swordfish are allowed to reach sexual ma-
turity, whereas the model captured the stock effect benefits for only the first five
years. Lastly, we estimated the gains only to the U.S. fleet when, in fact, the social
benefits (to the entire international fleet) could be far greater. If the international
fleet could be persuaded to adopt similar measures, then the entire North Atlantic
fishery would benefit. Without some restrictions, however, we would expect most of
the potential gains to the fleet to be dissipated through entry and additional effort at
the international level.
Scenario (4): Retire Inefficient Domestic PLL Vessels
Several industry groups are currently cooperating to establish a vessel buyback pro-
gram that would eliminate approximately 60 PLL vessels (LeBlanc 1999). To derive
an independent estimate of the number of vessels that might be expected to partici-
pate in such a system, the model was allowed to determine the “optimal” fleet size.
Given the return-maximizing objective of the model, the estimated optimal fleet size
represents the number of vessels that are most technically efficient given the ob-
served trip characteristics in 1996 (i.e., allocation of sets per trip, λ , was held con-
stant). To increase the realism of the model, the current number of vessels in each
vessel-length class is used as an upper bound.
The resulting NPV-maximizing fleet size equals 184 vessels (62% medium-
length and 38% long), 88 fewer than the status quo (figure 1). The 32% decline in
fleet size would allow swordfish catch rates to increase 55% and NPV to increase
31%. The proportion of BAYS tunas landed increases 17% as shark quotas become
binding. Average annual returns per vessel equal $66,516, which is a 93% increase
over the status quo scenario. The additional earnings from the proposed retirement
(for use in fishing) of 88 vessels could be used to estimate the potential contribution
from industry to the one-time cost of a buyback program (Sun 1998). These results
are consistent with the goals of Individual Transferable Quota (ITQ) programs,
whereby increased catch rates and average vessel returns entice efficiency through a
reduction in fleet size as inefficient vessels retire (Adelaja, McCay, and Menzo
1998). The change in fleet composition (proportion of vessels in each size class) in-
dicates the relative efficiency of the mid-length vessel harvest sector resulting from
differences in the cost, catch rate, and/or sets per trip parameters observed in 1996.
It bears repeating that the optimal fleet configuration in this and the subsequent sce-
nario would likely differ in a long-run analysis that accounted for differences in the
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Scenario (5): Maximize Returns to Domestic PLL Owners
Scenarios (1) through (4) all assumed that fleet size and/or composition remained at
the observed (1996) level. In this final scenario, the model was allowed to determine
the optimal fleet size, composition, and fishing behavior (i.e., number of sets per
trip). By allowing the model to choose the profit-maximizing fishing behavior, this
scenario considers the allocative efficiency of each vessel- and trip-length category
and is expected to increase returns to the fleet.
Scenario (5) predicts an optimal fleet size of 196 vessels (58% medium-length
and 42% long). Trips taken by the longest vessels would entail 7 to 9 sets. Medium-
length vessels would place at least 4 sets per trip and, in particular, 37% of trips
would place from 4 to 6 sets, 48% would place from 7 to 9 sets. Although the annual
quota and ending stock size would be unaffected, the average swordfish catch rate
would increase 46%. The 28% reduction in fleet size would increase average earn-
ings per vessel per year to $66,805 (an approximate 94% increase over the status
quo). Shark quotas remain binding; however, landings of BAYS tunas and other spe-
cies (primarily dolphinfish)—which are currently unrestricted—increase 23% and
31%, respectively. It is notable that the technically and allocatively efficient solu-
tion allows for 12 additional vessels as compared to the solution that only consid-
ered technical efficiency (scenario 4). The slightly lower swordfish catch rate was
compensated for by an increase in the catch rate of BAYS tunas and other species.
Parameter Sensitivity
Results from deterministic models are dependent on the assumed parameter values.
If the model is sensitive to certain parameters, the effects of alternative policy goals
may change. Although it is beyond the scope of this paper to present the complete
set of re-optimized results for each assumed parameter adjustment, we do examine
the impact on returns to several plausible changes in key economic parameters.11
Sensitivity is determined by re-optimizing the model with more conservative esti-
mates of the following parameters: the swordfish quota share, discount rate, sword-
fish price, variable harvest costs, and swordfish catch rate. Sensitivity results are
presented as deviations from the return-maximizing scenario (5) in table 5. The end-
ing swordfish stock size did not change due to binding mortality parameters and,
therefore, is not included in the table. Differentiating from scenario (5) allows us to
examine changes in the optimal fleet composition and fishing behavior, fleet charac-
teristics that are an integral component of RIR and RFA analysis.
A declining quota share would represent a weakening of negotiating position
with ICCAT. Resulting economic losses, as approximated by a reduction in NPV,
should provide an estimate of the value of the U.S. commissioners to the domestic
industry. Examining the effects of a lower swordfish catch rate could help highlight
the implications of underreporting, particularly of sets or trips (i.e., erroneous “sum-
mary” sets and missing trip forms affect average catch rates), and the importance of
improving data collection and analysis. A higher discount rate, reflecting a greater
preference for current earnings, will reduce the NPV of the fishery. Lower swordfish
prices reveal the potential market effects resulting from a change in relative prefer-
ences away from swordfish, such as from the ongoing “Give Swordfish a Break”
11 We focus on economic parameters, since they have received relatively little attention (Larkin, Lee,
and Adams 1998). In contrast, swordfish biological parameters are heavily scrutinized by biologists in
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campaign (Moore 1999). Increases in variable costs resulting from higher fuel prices
are also expected to affect the NPV of the fishery, while changes in the relative costs
among the fleet- and trip-length classes could affect fleet size and composition.
These should serve to highlight the importance of accurate economic data associated
with trip expenses.
Scenario (5), the baseline scenario for this sensitivity analysis, indicated that ef-
ficiency (technical) was directly related to vessel length, with short vessels excluded
entirely from the optimal solution. In addition, trips placing from 7 to 9 sets were
the most efficient (allocatively), followed by trips placing from 4 to 6 sets. With a
regulatory goal of maximizing industry returns by allowing participation based on
efficiency, a change in the U.S. share of the North Atlantic swordfish quota had the
most significant effect on optimal fleet size and returns. A reduced U.S. quota share
and lower swordfish price had proportionately larger changes in optimal fleet size as
evidenced by quasi-elasticities (a ratio of percent change in v to the percentage
change in quota) greater than one. The smaller fleets were composed of fewer mid-
length vessels. In every scenario, the number of large vessels remained at 82, the
cap based on the observed fleet size in 1996. Increasing the variable costs of the me-
dium and large vessels, which were in the previous solutions, had little effect on the
optimal fleet size (quasi-elasticity of 0.12) but did change fleet characteristics.
Small vessels displaced large vessels and the optimal number of sets per trip fell,
with the majority placing from 4 to 6 sets.
With the exception of the reduced quota share, the NPV quasi-elasticities were
below one, indicating that the full effect of the parameter change was dampened by
changes in the fleet size and/or fishing behavior (i.e., number of sets per trip). The n
(fleet size) quasi-elasticities greater than one, indicating proportionately higher sen-
sitivity than the assumed parameter change, were also higher than the corresponding
NPV quasi-elasticities. However, the optimal fleet size in the majority of scenarios
was unchanged, indicating the robustness of the solution for scenario (5).
These findings indicate the sensitivity of estimated net returns to changes in the
key economic model parameters. While these simulations do not comprise a compre-
hensive test of model sensitivity, they do highlight the importance of improving eco-
nomic data collection if model forecasts are to play a role in policy development.
Concluding Discussion
Continuance of the current management strategies for the U.S. North Atlantic
swordfish fishery will yield approximately $47 million in net returns over the next
five years. Average, annual returns per vessel to cover fixed costs would total
$51,326. Drastic swordfish quota reductions (approximately 25%) could signifi-
cantly increase stock size, but would reduce returns by 52%. This short-run analysis
ignores the potential long-run gains, such as from larger recruiting classes, which
may justify a larger fleet. The gains from short-term quota reductions may be real-
ized after the stock recovers and the quota is eased. An analysis of this sort was be-
yond the limitations of our data set.
In a static, single-year analysis, juvenile mortality reductions may be expected
to reduce returns. However, a dynamic, multi-year analysis shows that average catch
rates, returns, and annual quotas would increase. Results indicated that if a cost-ef-
fective means can be implemented for reducing the catch of undersized fish or in-
creasing the survival rate of discards in the U.S., the entire North Atlantic industry
would benefit from the resulting stock effect. Assuming price levels hold and effort
levels do not drive up costs, net returns will increase from the boost in annual har-
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and would receive a higher average price by landing a greater proportion of larger
swordfish. If viewed as a two-party competitive game, in effect this result indicates
that there is potentially a sufficient gain to the U.S. from imposing certain conserva-
tion measures to offset the leakage of benefits (i.e., positive stock externality) to
other ICCAT participants even if they chose a non-competitive solution.12
Although the NFI proposed a 60-vessel reduction in fleet size, our model indi-
cates that a larger reduction may be warranted. A 28% reduction in the number of
permitted vessels could increase net returns to PLL by 40%, to $66,837 per vessel
per year. The fleet would include the most efficient vessels placing the most effi-
cient number of sets per trip, thereby landing more fish at lower cost. Retaining
those vessels in the fishery while encouraging the exit of less-efficient vessels can
be achieved in a number of ways, including the market approaches put forth by
Adelaja, McCay, and Menzo (1998) and Squires, Alauddin, and Kirkley (1994).
Sensitivity analysis indicated the optimal fleet size was unaffected by the major-
ity of economic changes that might be anticipated. Total returns, however, were sen-
sitive to all parameter tests, but only a change in the quota share produced fleet size
and NPV quasi-elasticities greater than one. If the U.S. delegation to ICCAT loses a
1% share (in absolute value), NPV and optimal fleet size can be expected to fall
nearly 4% and 11%, respectively.
This paper examined a range of management goals applicable to the North At-
lantic swordfish fishery that can affect returns to the U.S. PLL fleet. While these
goals are realistic, and the means of achieving these goals are discussed, our sce-
narios do not incorporate the (potential) additional costs associated with their imple-
mentation. The estimated returns and earnings per vessels could be used to evaluate
the economic feasibility of cost-sharing alternatives.
The bioeconomic model is presented as a working model. A multi-species ap-
proach was used to incorporate the non-selectivity of PLL gear. Heterogeneity
within the fishery was accounted for by vessel length and the number of sets per trip
(i.e., trip length). These may not be a complete set of, or even the most appropriate,
characteristics; however, these characteristics are frequently cited as important in
the fishery and have been used to consider heterogeneity within longline fleets
(NMFS 1999; Sharma and Leung 1998) The uses of the model are two-fold: (1) to
assess the economic implications of current and proposed management regimes, and
(2) to provide input for initiating a dialog on the plausibility of key model assump-
tions and economic parameters. Continuing efforts to improve the model specifica-
tion and collection and analysis of economic data are necessary if model forecasts
are to play a role in policy development.
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